It has been shown recently that in many cases strain anisotropy in powder diffraction can be well accounted for by the dislocation model of the mean square strain. The practical application assumes knowledge of the individual contrast factors C of dislocations related to particular Burgers, line and diffraction vectors or to the average contrast factors C Å . A simple procedure for the experimental determination of C Å has been worked out, enabling the determination of the character of the dislocations in terms of a simple parameter q. The values of the individual C factors were determined numerically for a wide range of elastic constants for cubic crystals. The C Å factors and q parameters were parametrized by simple analytical functions, which can be used in a straightforward manner in numerical analyses, as e.g. in Rietveld structure re®nement procedures.
Introduction
Anisotropic X-ray line broadening means that neither the full width at half-maximum (FWHM) nor the integral breadth nor the Fourier coef®cients of diffraction pro®les are monotonous functions of the diffraction vector or its square, g or g 2 , respectively (Williamson & Smallman, 1955; Caglioti et al., 1958; Warren & Averbach, 1952; Warren, 1959) . For the purpose of Rietveld structure re®nement, different phenomenological solutions have been suggested to handle this problem (Suortti, 1993; Latroche et al., 1995; Stephens, 1999; Scardi, 1998; Popa, 1998) . Recently it has been shown that the dislocation model of the mean square strain, h4 2 gYL i [where L is the Fourier length (Warren, 1959) and 4 g is the distortion tensor component in the g direction], can well account in many cases for anisotropic line broadening Re Â ve Â sz et al., 1996; Unga Â r et al., 1998 Unga Â r & Tichy, 1999; Wu et al., 1998) . Several attempts are also in progress to incorporate the dislocation model of strain anisotropy into the Rietveld structure re®nement procedure Wu et al., 1998; Levine & Thomson, 1997 ). The dislocation model of h4 2 gYL i is based on the contrast of dislocations varying with the relative orientation of the Burgers and line vectors of dislocations and the diffraction vector, b, l and g, respectively, in a similar way as in transmission electron microscopy (TEM) (Hirsch et al., 1965) . The contrast effect of dislocations on X-ray line broadening in cubic crystals assuming elastic isotropy was ®rst evaluated by Krivoglaz (1969) . In elastically anisotropic copper, Wilkens calculated the dislocation contrast factors in the late 1970s. The results were used and referenced in a number of papers as`M. Wilkens, unpublished results' (Wilkens et al., 1980; Unga Â r et al., 1984 Unga Â r et al., , 1986 . It has also been shown that the anisotropy of the elastic constants can have a strong effect on the contrast factors (see, for example, Table 3 of Wilkens et al., 1980) . A more comprehensive compilation of the dislocation contrast factors for copper taking into account elastic anisotropy has been presented by Wilkens (1987) . A general formalism for the calculation of the contrast factors, especially for hexagonal crystals, has been given by Kuzel, 1988, 1989; .
Since the dislocation contrast factors depend on the different possible combinations of b, l and g and on the anisotropic elastic constants, these being a large variety of variables, it is not easy to ®nd a concise representation of these factors. One aim of this paper is to present average contrast factors in a more-or-less general and concise form. In the case of a particular crystal system, the combinations of b, l and g depend on the possible slip systems and their population by dislocations, which makes the evaluation of h4 2 gYL i in a general case rather dif®cult (Stephens, 1999; . However, in the case of untextured polycrystals or if the different slip systems are populated randomly by dislocations, the contrast factors can be averaged and the evaluation procedure becomes simpler and more straightforward (Unga Â r & Tichy, 1999) . In the present work, both individual and averaged contrast factors are compiled as functions of the elastic constants for the possible dislocations in face-centred cubic (f.c.c.) and body-centred cubic (b.c.c.) crystals. The average contrast factors are parametrized by simple analytical functions, which can be easily incorporated in computational work. It is shown that the compiled average contrast factors can be used as a simple tool for the analysis of microstructure in terms of coherent domain size, dislocation density and dislocation character in the f.c.c. and b.c.c. crystal systems.
The contrast factors of dislocations
The Fourier coef®cients of diffraction pro®les can be given as the product of the`size' and`distortion' coef-®cients, A S L and A D L (Warren, 1959) :
L is the Fourier length, de®ned as L = na 3 , where n are integers and a 3 is the unit of the Fourier length in the direction of the diffraction vector g:
where the line pro®le is measured from 1 to 2 and ! is the wavelength of the X-rays. Warren (1959) has shown that the Fourier coef®cients can be written as ln A L g 9 ln A S L À 2% 2 L 2 g 2 h4 2 g iY 3
where h4 2 g i is the mean square strain in the direction of the diffraction vector. It can be evaluated for different kinds of lattice defects, especially for dislocations (Wilkens, 1970; Unga Â r et al., 1989; Groma et al., 1988; Krivoglaz, 1996) :
where & is the density, R e the effective outer cut-off radius, b the absolute value of the Burgers vector and C the contrast factor of dislocations. Equation (4) shows that for dislocations, h4 2 gYL i is dependent on L, as observed by experiment (Warren, 1959) . The contrast factors depend on the relative orientations of the line and Burgers vectors of dislocations and the diffraction vector. Consider a straight dislocation parallel to the z axis of an x, y, z Cartesian coordinate system. The displacement ®eld of such a dislocation can be given by the polar coordinates (j, r) in the xy plane. With this notation, the contrast factor C can be given as (Wilkens, 1970; Groma et al., 1988 
where K(9) is a trigonometric polynomial, i and j are the direction cosines of the diffraction vector in the xy plane, du i /dx j is the distortion tensor, u i is the displacement ®eld of the dislocation and r is the length variable in the polar coordinate system. Equations (5) can be evaluated numerically by using the elastic constants of a crystal. Because of the linear superposition of the displacement ®elds of dislocations, the contrast factors corresponding to a dislocation system can be obtained by the linear superposition of the individual contrast factors as weighted averages (Wilkens, 1970) .
The average contrast factors of dislocations in cubic crystals
In a recent paper, it has been shown that in the cubic crystal system the average contrast factors are a linear function of the fourth-order invariant of the hkl indices of the different re¯ections (Unga Â r & Tichy, 1999) :
where A and B are constants depending on the elastic constants of the crystal. The value of A is the average contrast factor corresponding to the h00 re¯ection: C Å h00 = A. Denoting the fourth-order ratio in the above equation by H 2 , equation (6) can be written as
where q = B/A. This equation shows that in the case of untextured polycrystals or randomly populated Burgers vectors, the average contrast factors can be obtained if C Å h00 and q are known.
The values of the contrast factors in cubic materials
When the material has a pronounced texture with particular slip systems populated by dislocations in the different texture components, the average dislocation contrast factors cannot be used. In these cases the individual contrast factors are needed in order to evaluate strain anisotropy. On the other hand, the average C factor values, C Å , were calculated from these individual contrast factors. For these reasons, before presenting the average C factors, representative values of the individual contrast factors are given in Tables 1±4, for b = a/2h110i and b = a/2h111i type dislocations in the {111}h110i and {110}h111i slip systems, respectively. The individual C factors were calculated for the 111, 200 and 220 re¯ections in the f.c.c. system and for the 110, 200 and 222 re¯ections in the b.c.c. system, in each case for pure edge and pure screw dislocations separately. It follows from the structure of equation (5) that the values of C depend only on the ratios of the elastic constants. This means that the three elastic constants, c 11 , c 12 and c 44 , in the cubic system can be reduced to two parameters. We select the elastic anisotropy A i = 2c 44 /(c 11 À c 12 ) and the ratio c 12 /c 44 . All individual C factors were determined as a function of A i and c 12 /c 44 in the ranges 0.5±8 and 0.5±3, respectively, since these are the ranges in which the elastic constants of most materials vary (Hearmon, 1966) . The average contrast factors can be obtained as weighted averages of the individual contrast factors as mentioned at the end of x2 (Wilkens, 1970) . The weight factor is the multiplicity of the slip systems providing the same C value at a particular hkl value and is denoted by m in Tables 1±4. We note that the averaging could also be performed by ®xing a particular slip system and varying the planes for given hkl. Here we have selected averaging over the slip systems since in this case the C values corresponding to active slip systems can be selected for the evaluation of strain anisotropy. The different slip systems giving different C values are listed in Tables 1±4, where the slip systems are denoted by j.
The values of
The average values of the contrast factors were calculated for the most common slip systems in the f.c.c. and b.c.c. systems (Honeycombe, 1984) : h110i{111} and h111i{110}, respectively. Equation (7) shows that the two parameters for the practical determination of the average C factors as a function of H 2 are C Å h00 and q. The C Å h00 values for edge and screw dislocations were obtained by arithmetic averages of the individual C h00 values and are shown as functions of A i and c 12 /c 44 in Figs. 1 and 2. In the case of f.c.c. crystals, no dependence on c 12 /c 44 has been found for screw dislocations. For edge dislocations, a relatively strong dependence on c 12 /c 44 can be observed. The A i dependence of C Å h00 at different c 12 /c 44 values can be parametrized by the following function:
In the case of screw dislocations in f.c.c. crystals, a = 0.1740, b = 1.9522, c = 0.0293 and d = 0.0662, independent of c 12 /c 44 . For edge dislocations in f.c.c. crystals, the values of a to d are listed in Table 5 . In the case of screw dislocations in b.c.c. crystals when c 12 /c 44 = 1, a = 0.1740, b = 1.9522, c = 0.0293 and d = 0.0662. For c 12 /c 44 = 0.5 and 2, the parameter values are only slightly different, as can be seen in Fig. 1(c) . For edge dislocations in b.c.c. crystals, the values of a to d are listed in Table 6 .
6. The values of q in f.c.c. and b.c.c. crystals
The average values of the contrast factors, C Å (A i , c 12 /c 44 ), for the 111, 200 and 220 re¯ections for pure edge and pure screw dislocations in f.c.c. crystals with the a/2h110i{111} slip system can be obtained from Tables 1  and 2 . The values of q were obtained from these contrast factors by using equation (7). Fig. 2(a) shows q in f.c.c. crystals as a function of A i for pure screw and pure edge dislocations, the latter when c 12 /c 44 = 1. For screw dislocations, q turns out to be independent of c 12 /c 44 in the rage between 0.5 and 3 (at least in f.c.c. crystals). For edge dislocations, q reveals a weak dependence on c 12 /c 44 from 0.5 to 1, whereas in the range between 1 and 3 this dependence becomes marginal. The difference in q for edge and screw dislocations is, however, substantial, as can be seen in Fig. 2(a) . The A i dependence of q at different c 12 /c 44 values can be parametrized by the same kind of equation as (8): q a1 À expÀA i ab cA i dX 9
In the case of screw dislocations in f.c.c. crystals, a = 5.4252, b = 0.7196, c = 0.0690 and d = À3.1970, independent of the c 12 /c 44 values. For the case of edge dislocations, the values of a to d are listed in Table 7 .
The q values in b.c.c. crystals are shown in Fig. 2(b) . A relatively large difference can be observed, especially in the range of A i between 0.5 and 4. In the case of screw dislocations, a weak dependence on c 12 /c 44 has been found, as indicated by the slightly varying parameter values in Table 8 . In the case of edge dislocations, the dependence on c 12 /c 44 is stronger, as can be seen in Fig.  2 (c) and by the markedly changing parameter values in Table 9 . In the present case the values are independent of c 12 /c 44 . 
In its quadratic form it is (Williamson & Hall, 1953 ) The combinations of Burgers and line vectors for the C factor values
where D is the average particle size, M is a constant depending on the effective outer cut-off radius of dislocations, K = 2 sin /!, ÁK is the FWHM and O indicates non-interpreted higher-order terms. Inserting equation (7) into (11) yields ÁK 2 À aK 2 9 " C h00 1 À qH 2 Y 12 where = (0.9/D) 2 and = %M 2 b 2 &/2. From the linear regression of the left-hand side of equation (12) versus H 2 , the parameter q can be determined experimentally. The successful operation of equation (12) has been shown for submicrometre-grain-size copper, ball-milled iron and Rb 3 C 60 powder by Unga Â r & Tichy (1999) and a cubic Li±Mn spinel by Unga Â r et al. (1999) . The FWHM can be corrected for stacking faults by the method of Warren (1959, p. 177) , which has been adapted for the present evaluation procedure according to equations (14) and (16) of Unga Â r et al. (1998) . Accordingly, equation (12) becomes fÁK À H Wg 2 À gaK 2 9 " C h00 1 À qH 2 Y 13
where W(g) = 0.43, 1.0, 0.71 and 0.45 for the 111, 200, 220 and 311 type re¯ections, respectively, and H is a ®tting parameter related to the stacking-fault probability.
Here we note that the experimental values of q can also be obtained by inserting (7) into (10) and solving it by the least-squares method. Experience has shown that the q values obtained by the two different procedures are equal within experimental error. Polycrystalline 99.98% copper of 300 mm initial grain size was deformed by the method of equal-channel angular pressing (ECA), producing submicrometre grain sizes in the range 50±500 nm (Valiev et al., 1994) . Line pro®les of the ®rst six re¯ections were measured by a special high-resolution double-crystal diffractometer, with negligible instrumental line broadening (Unga Â r & Borbe Â ly, 1996). The classical Williamson±Hall plot of the FWHM has revealed a strong strain anisotropy, which can be seen in Fig. 1 of Unga Â r & Borbe Â ly (1996) . The plot of the FWHM according to equation (12) is shown in Fig. 3(a) herein. The best linear regression is obtained with the value of a = 6 Â 10 À6 (nm À2 ), providing q = 2.15 (2). The elastic constants of Cu are c 11 = 166.1, c 12 = 119.9 and c 44 = 75.6 GPa (Hearmon, 1966) . With these values, A i = 3.21 and c 12 /c 44 = 1.608. The value of C Å h00 can be obtained from the plots in Figs. 1(a) and 1(b): C Å h00 = 0.3040, where it is assumed that edge and screw dislocations are present in equal proportion. With this, the average contrast factors for this specimen are
The modi®ed Williamson±Hall plot with these contrast factors is shown in Fig. 3(b) . It can be seen that the values of the FWHM are parabolic in KC 1/2 . The inter- section at K = 0 gives D = 350 (10) nm for the average particle size corresponding to the FWHM, in good agreement with the evaluation performed earlier . The values of q corresponding to A i = 3.21 and c 12 /c 44 = 1.608 can be obtained for pure screw or pure edge dislocations from the plots in Fig.  2(a) or, with a higher precision, by using equation (9) and the parameter values in Table 7 : q screw = 2.37 and q edge = 1.63, respectively. The experimental value, q exp = 2.01, is exactly the arithmetic average of the two numerically calculated q values. The straightforward interpretation of this result is that the character of the prevailing dislocations is half edge, half screw.
The experimental determination of q in an electrodeposited nanocrystalline nickel specimen
A nanocrystalline Ni foil of diameter 50 mm and thickness 8 mm was prepared by pulse-plating electro-deposition from aqueous solution onto cold-rolled polycrystalline Cu substrates by To Â th-Ka Â da Â r et al. (1996) . The X-ray line pro®les were measured using a special high-resolution double-crystal diffractometer, with negligible instrumental broadening . The classical Williamson±Hall plot of the FWHM values of the ®rst six re¯ections shows a strong strain anisotropy, as can be seen in Fig. 4(a) . The same values of the FWHM are plotted according to equation (11) in Fig. 4(b) . The best values of and q were = 6.5 (5) Â 10 À4 nm À2 and q exp = 2.35 (2). The elastic constants of Ni are c 11 = 243.6, c 12 = 149.4 and c 44 = 119.6 GPa (Hearmon, 1966) . With these values, A i = 2.54 and c 12 /c 44 = 1.25. The value of C Å h00 can be obtained from the plots in Figs. 1(a) and 1(b): C Å h00 = 0.266, where it is assumed that edge and screw dislocations are present in equal proportion. With this, the average contrast factors for this specimen are 
The modi®ed WilliamsonÐHall plot with these contrast factors is shown in Fig. 4(c) . It can be seen that the values of the FWHM are parabolic in KC 1/2 . The intersection at K = 0 gives D = 50 (5) nm for the average particle size corresponding to the FWHM, in good agreement with the evaluation performed earlier . The values of q corresponding to A i = 2.54 and c 12 /c 44 = 1.25 can be obtained for pure screw or pure edge dislocations in an f.c.c. crystal from the plots in Fig. 2(a) or, with a higher precision by using equation (9) and the parameter values in Table 7 : q screw = 2.23 and q edge = 1.38, respectively. The experimental value, q exp = 2.35 (2), is out of this range, even considering its uncertainty. The discrepancy can be solved by ®nding a type of dislocation which is still compatible with the f.c.c. lattice but provides a larger range for the values of q. A look at Fig. 2(b) shows that the h111i{110} b.c.c. type dislocations yield a higher range for the q values for the same elastic constants: q screw = 2.63 and q edge = 1.37. The h111i{110} type dislocations in an f.c.c. lattice are prismatic loops, observed with considerable density in TEM micrographs of the present specimen (To Â th-Ka Â da Â r et al., 1996) .
8.3. The experimental determination of q in a Rb-doped Rb 3 C 60 fullerite powder specimen
The FWHM parameters of the Rb-doped Rb 3 C 60 fullerite were measured at the high-resolution powder diffractometer beamline X3B1 of the National Synchrotron Light Source at Brookhaven National Laboratory by Fischer et al. (1995) . The FWHM values of the physical pro®les show a pronounced strain anisotropy, as can be seen in Fig. 2 of Fischer et al. (1995) . The same data are plotted according to equation (12) in Fig. 5(a) herein. An excellent linear regression can be obtained with 9 3 Â 10 À4 (nm À2 ). The value of q exp is 2.47 (3). Since the elastic constants of this material are not known, it is not possible to give the exact value of C Å h00 . However, Figs. 1(a)±1(d) suggest that a value around 0.3 is probable. With this, the average contrast factors for this material are " C 9 0X31 À 2X47H 2 X 16 The modi®ed Williamson±Hall plot with these contrast factors is shown in Fig. 5(b) . It can be seen that the FWHM is almost linear. The intersection at K = 0 gives D = 100 (5) nm for the average particle size corresponding to the FWHM.
The experimental value of q exp = 2.47 (3) may be discussed as follows. Assuming half edge and half screw dislocations of f.c.c. type, A i would have to have a rather high value: A i 9 8 (2), as can be seen in Fig. 2(a) . If, however, A i is assumed to have a more realistic, smaller value, not too far from unity, then the q exp value would indicate the presence of mainly screw dislocations. The dislocation structures in C 60 fullerene crystals have been studied by high-resolution TEM by Muto et al. (1993) , who found that the observed defects were very similar to those in f.c.c. metals and alloys with low stacking-fault energy. From the present evaluation and the TEM results of Muto et al. (1993) , we conclude that: (i) A i is Table 6 . The parameters a, b, c and d of equation (8) larger than unity and (ii) the dislocations are most probably f.c.c. type screw dislocations. Furthermore, taking into account that the Rb 3 C 60 fullerite crystals were subjected to X-rays directly after preparation, without extra deformation (Fischer et al., 1995) , the dislocations prevailing in the crystals are most probably as-grown dislocations. Since screw dislocations have a smaller self energy per unit length than edge dislocations, the result that mainly screws were found is also energetically reasonable.
Conclusions
The dislocation model of the mean square strain enables the rationalization of strain anisotropy in terms of crystallite size and dislocations. A crucial point in the model and procedure is the use of dislocation contrast factors, C. The values of C depend on (i) hkl, (ii) the relative directions of the Burgers and line vectors of dislocations and the diffraction vector, and (iii) the elastic constants of the crystal. In a recent work it was shown that in a polycrystalline specimen or if the different slip systems are populated randomly by dislocations, the C factors can be averaged for one particular Fig. 3 . The FWHM of submicrometre-grain-size copper plotted (a) according to equation (12) hkl type. The average contrast factors C Å become a simple function of the elastic constants of the crystal, as given in equation (7): C Å = C Å h00 (1 À qH 2 ). The values of C Å h00 and q have been calculated and compiled for f.c.c. and b.c.c. crystals containing dislocations with h110i and h111i Burgers vectors. The compilation was made graphically, presenting the data versus the anisotropy factors, A i , and by giving the C Å h00 (A i , c 12 /c 44 ) and q(A i , c 12 /c 44 ) functions in parametrized form. The experimental values of q can be discussed in terms of dislocation types and elastic constants. By the dislocation model, the explanation of strain anisotropy has been given a sound physical basis. The whole scheme of the compiled contrast factors provides a tool enabling: (a) the rationalization of strain anisotropy in terms of the modi®ed Williamson±Hall plot and the modi®ed Warren±Averbach method, (b) the discussion of strain anisotropy in terms of dislocations, and (c) the use of all measured Bragg re¯ections in the determination of crystallite size. The use of the scheme of contrast factors and the whole procedure has been illustrated by the examples of three different materials: (i) plastically deformed submicrometre-grain-size copper, (ii) electrodeposited nanocrystalline nickel, and (iii) Rb-doped Rb 3 C 60 fullerite.
